Moiré superlattices provide a powerful way to engineer properties of electrons and excitons in two-dimensional van der Waals heterostructures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The moiré effect can be especially strong for interlayer excitons, where electrons and holes reside in different layers and can be addressed separately. In particular, it was recently proposed that the moiré superlattice potential not only localizes interlayer exciton states at different superlattice positions, but also hosts an emerging moiré quasi-angular momentum (QAM) that periodically switches the optical selection rules for interlayer excitons at different moiré sites 12, 13 . Here we report the observation of multiple interlayer exciton states coexisting in a WSe 2 /WS 2 moiré superlattice and unambiguously determine their spin, valley, and moiré QAM through novel resonant optical pump-probe spectroscopy and photoluminescence excitation spectroscopy. We demonstrate that interlayer excitons localized at different moiré sites can exhibit opposite optical selection rules due to the spatially-varying moiré QAM. Our observation reveals new opportunities to engineer interlayer exciton states and valley physics with moiré superlattices for optoelectronic and valleytronic applications. 3 Moiré superlattices between atomically thin materials can dramatically change the properties of electrons and excitons by introducing a new length and energy scale. Artificially stacked moiré superlattices have enabled a variety of intriguing phenomena that are not available in natural systems, such as tunable Mott insulators and unconventional superconductivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Interlayer excitons in van der Waals heterostructures have recently attracted much research interest due to their large binding energy and long lifetime 14, 15 . An interlayer exciton is composed of an electron and a hole that are separated in neighboring layers, so its properties can depend strongly on the layer configurations and external fields. For example, it was recently predicted that moiré superlattices, where the interlayer atomic registry changes periodically over space, can host arrays of localized interlayer exciton states with distinct valley selection rules 12, 13 . The moiré degree of freedom for interlayer excitons, therefore, offers exciting opportunities towards realizing novel quantum emitter sources and exotic quantum phases like exciton Dirac and Weyl nodes 12, 13 . Direct experimental observation of the interlayer moiré excitons with registration-dependent valley selection rules, however, has been challenging. So far, photoluminescence (PL) has been the only probe used to study interlayer excitons due to its sensitivity [16] [17] [18] [19] [20] [21] , but it has severe limitations because the PL intensity is determined by both the oscillator strength and the excited state lifetime. The sensitive dependence of the excited state lifetime on various sample parameters had led to completely different experimental observations across recent studies and consequently competing theoretical interpretations [16] [17] [18] [19] [20] [21] . Optical absorption is a more reliable probe of excitons because it directly measures the transition dipole moment, but its application to interlayer excitons has so far been hindered by the small interlayer exciton oscillator strength 22 .
Moiré superlattices between atomically thin materials can dramatically change the properties of electrons and excitons by introducing a new length and energy scale. Artificially stacked moiré superlattices have enabled a variety of intriguing phenomena that are not available in natural systems, such as tunable Mott insulators and unconventional superconductivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Interlayer excitons in van der Waals heterostructures have recently attracted much research interest due to their large binding energy and long lifetime 14, 15 . An interlayer exciton is composed of an electron and a hole that are separated in neighboring layers, so its properties can depend strongly on the layer configurations and external fields. For example, it was recently predicted that moiré superlattices, where the interlayer atomic registry changes periodically over space, can host arrays of localized interlayer exciton states with distinct valley selection rules 12, 13 . The moiré degree of freedom for interlayer excitons, therefore, offers exciting opportunities towards realizing novel quantum emitter sources and exotic quantum phases like exciton Dirac and Weyl nodes 12, 13 . Direct experimental observation of the interlayer moiré excitons with registration-dependent valley selection rules, however, has been challenging. So far, photoluminescence (PL) has been the only probe used to study interlayer excitons due to its sensitivity [16] [17] [18] [19] [20] [21] , but it has severe limitations because the PL intensity is determined by both the oscillator strength and the excited state lifetime. The sensitive dependence of the excited state lifetime on various sample parameters had led to completely different experimental observations across recent studies and consequently competing theoretical interpretations [16] [17] [18] [19] [20] [21] . Optical absorption is a more reliable probe of excitons because it directly measures the transition dipole moment, but its application to interlayer excitons has so far been hindered by the small interlayer exciton oscillator strength 22 .
Here we overcome this challenge by probing the absorption spectrum of interlayer excitons in near-zero twist angle WSe2/WS2 heterostructures with background-free techniques: photoluminescence excitation (PLE) and resonant pump-probe spectroscopy. This combination allows for extremely sensitive measurements of the weak absorption features associated with interlayer moiré excitons, and unambiguously determines the nature of the interlayer excitons, including their relative oscillator strengths and the spin-valley configurations of the constituent electrons and holes. We establish that interlayer excitons with the same spin-valley configuration can have opposite circular selection rules, which is attributed to the different moiré quasi-angular momentum (QAM) associated with different interlayer lattice registrations. We further show that an opposite-spin exciton state, which was originally forbidden with no valley selectivity, can gain a well-defined circular helicity in the moiré superlattice.
Figures 1a and 1b show a schematic and an optical microscope image of a representative nearzero twist angle WSe2/WS2 heterostructure (see methods and ref. 23 for device fabrication details). Fig. 1c shows the reflection contrast of the heterostructure in the range of 1.6 to 2.4 eV. Three prominent absorption peaks are observed around the WSe2 A exciton energy of 1.7 eV. This is the characteristic behavior of the intralayer exciton in a moiré superlattice, where the WSe2 A exciton is split into multiple peaks by the strong moiré superlattice potential 23, 24 . The moiré superlattice effects on interlayer excitons are expected to be even stronger: the interlayer excitons are predicted to localize at different potential minima within the moiré superlattice, labelled as point A and B in Fig. 1d 12, 13 . Consequently, four low energy interlayer moiré exciton states can exist in the K valley, i.e. the same-spin and opposite-spin states centering at A and B points within the moiré superlattice, respectively. These four states are illustrated in Fig. 1d , and their time-reversal pairs create another set of 4 states in the K' valley (not shown).
However, the PL spectrum of the WSe2/WS2 heterostructure shows a single prominent emission peak at 1.43 eV (Fig. 1d) , corresponding to only one interlayer exciton state. Although the PL emission spectrum is extremely sensitive, it is not sufficient to probe different interlayer exciton states or the nature of the interlayer excitons: The lowest energy exciton state, which has the longest population lifetime, can dominate the PL emission irrespective of its spin or valley characteristics.
We use helicity-resolved PLE spectroscopy to probe higher energy interlayer moiré exciton states in the WSe2/WS2 heterostructure. We monitor both the  Fig. 2b ). The helicity contrast for intralayer and interlayer excitation ranges are displayed in Fig. 2c and 2d , respectively. The PL emission intensity is proportional to the absorbed photon number and provides a sensitive measurement of the absorption oscillator strength. Strongly-enhanced PL signal is observed when the excitation light is on resonance with the intralayer exciton resonances (Fig. 2a) . We also observe well-defined absorption resonances in the interlayer exciton range at 1.46 (green shaded region in Fig. 2b ) and 1.51 eV (yellow shaded region). These resonances correspond to two new interlayer moiré exciton states, and their oscillator strengths are more than 100 times smaller than the intralayer exciton transitions.
Such weak interlayer exciton transitions are extremely difficult to measure in a direct absorption measurement but are readily observable in the background-free PLE spectroscopy. Furthermore, we observe distinctively different circular helicity behaviors between the intralayer and interlayer excitons: The circular helicity has a large and near-constant value of ~ 0.5 over the whole intralayer exciton range (Fig. 2c) , but changes dramatically and can have opposite signs for different interlayer exciton resonances (Fig. 2d, see supplementary) .
To resolve the spin and valley properties and to understand the unusual optical selection rules of different interlayer moiré exciton states, we employ resonant pump-probe spectroscopy. As illustrated in Fig. 3a , we resonantly excite an interlayer exciton transition with circularly polarized pump light, and then probe the spin-valley state of the constituent holes in the WSe2 layer by monitoring the induced absorption changes in the WSe2 intralayer exciton transitions.
This method takes advantage of the fact that the intralayer exciton optical selection rules have already been well established in previous studies [25] [26] [27] , and they are independent of the relative registration of the two layers 12, 13 . Further, the interlayer exciton oscillator strength can be obtained from the signal magnitude of the resonant interlayer-exciton-pump and intralayerexciton-probe measurements. Figure 3b shows the pump-induced circular dichroic signal with probe energy fixed at 1.67 eV (near a WSe2 intralayer exciton feature) and pump energy swept from 1.38 eV to 1.54 eV. Strong pump-probe signals with opposite signs are observed at 1.46 and 1.51 eV (green and yellow shaded regions, respectively). This result reaffirms the PLE observation of two interlayer exciton states at 1.46 and 1.51 eV with different helicity. Interestingly, no clear absorption resonance is observed at the energy of the PL emission peak (purple shaded region around 1.43 eV). This indicates that the interlayer exciton state that dominates the emission process of the system has small absorption oscillator strength. We label it as a "weakly-absorbing" interlayer exciton state, in contrast to the "strongly-absorbing" states at 1.46 and 1.51 eV.
We further resonantly excite the strongly-absorbing interlayer exciton states using  + pump light and measure the induced circular dichroic spectra in the WSe2 intralayer exciton range ( Fig. 3c and 3d). These results can be compared to the pump-probe responses when directly exciting the intralayer exciton at 1.94 eV (Fig. 3e) , where the optical selection rule is well established and not affected by the moiré superlattice 12, 13 . All three spectral profiles are similar and display prominent resonance features around probe energies of 1.68 eV and 1.73 eV, corresponding to peaks I and II of the intralayer moiré exciton states in WSe2, respectively (Ref. Based on the spin-valley state of the hole in the WSe2 layer and the interlayer exciton oscillator strength, we can infer the spin-valley configuration of the electron within the interlayer exciton and determine the emerging moiré quasi-angular momentum, as shown in Table 1 . The electron and hole must be in the same valley and of the same spin for the "bright" 1.46 and 1.51 eV interlayer exciton states to exhibit relatively strong oscillator strengths. Therefore, we can assign a spin contribution of 0 and valley contribution of +1 from the constituent electron and hole to the QAM of K-valley interlayer exciton (see supplementary). The rest of the contribution to the QAM arises from the local interlayer atomic registry in the moiré superlattice. Consequently, we determine a moiré QAM of -2 for the 1.46 eV interlayer exciton and zero for the 1.51 eV interlayer exciton. They correspond to the second (moiré position B) and fourth state (moiré position A) illustrated in Fig. 1d , respectively. The lowest energy interlayer exciton state at 1.43 eV has weak oscillator strength, and we attribute it to an interlayer exciton with opposite electron and hole spin based on the electronic bands of the heterostructure (Fig. 1d) . This arises naturally because the spin-orbital coupling has opposite sign in the conduction and valence bands for W-based transition metal dichalcogenide materials 28, 29 . This opposite spin state is not completely dark, since spin is no longer a good quantum number in systems with strong spin-orbital coupling [30] [31] [32] . The observed energy separation between the opposite-and same-spin interlayer excitons (state 1 and 2) is ~30 meV, which is consistent with the known conduction band spin splitting in WS2 layers 28, 29 . Previously, an intralayer opposite-spin exciton has been observed in the PL emission of monolayer WSe2 without a magnetic field 33, 34 ; however, it shows no circular valley selection, as its QAM only comes from spin-valley contribution and is 0 (Ref. 30, 31 ). In contrast, emission from the 1.43 eV interlayer exciton state shows a large  + circular helicity when we excite intralayer excitons with  + -polarized light (Fig. 2b) . It indicates that the lowest energy K-valley interlayer exciton has a total QAM of +1 (state 1 in Fig. 1d ). This again highlights the important role of moiré superlattice, which introduces an additional QAM of +1 (or equivalently, -2, due to the three-fold rotation symmetry in the system) and a well-defined circular selection rule to the lowest-energy opposite-spin state. The other opposite-spin state, i.e. state 3, is not observed in our study, presumably due to its very small oscillator strength.
Combining the ability to engineer spin-valley selection rules using the novel moiré degree of freedom, the coexistence of multiple moiré states with distinctively different optical properties, and the tunability from layer configuration and external fields, interlayer excitons in WSe2/WS2 moiré superlattice provide a versatile platform for exciting new exciton and valley physics.
Methods:
Heterostructure preparation Monolayer WSe2, monolayer WS2, few-layer graphene, and thin hBN flakes were exfoliated onto silicon substrates with a 90 nm silicon oxide layer. Polarization-dependent second harmonic generation (SHG) was used to determine the relative angles between the WSe2 and WS2 crystalline axes (see supplementary text and Ref. 23 ). The WSe2/WS2 heterostructures were prepared using a dry transfer method with a polyethylene terephthalate (PET) stamp 35 . A PET stamp was used to pick up the top hBN flake, the WS2 monolayer, the WSe2 monolayer, a fewlayer graphene electrode, the bottom hBN, and the few-layer graphene back gate at 60 °C. The angle of the PET stamp was adjusted manually between picking up the WS2 and WSe2 flakes to ensure that the angle between the crystal axes was near zero. The PET stamp was then stamped onto a clean Si substrate with 90 nm SiO2 at 130 °C, and the PET was dissolved in dichloromethane for 12 hours at room temperature. Contacts (~75 nm gold with ~5 nm chromium adhesion layer) to the few-layer graphene flakes were made using electron-beam lithography and electron-beam evaporation.
Photoluminescence excitation spectroscopy PLE measurements were performed using a pulsed supercontinuum laser source (Fianium The PL spectra were normalized to excitation power and integration time. We verified that the PL intensity scales linearly with excitation power for all energies studied. The integrated PL peak intensity was then plotted as a function of the excitation energy.
Resonant pump-probe spectroscopy Femtosecond pulses at 1026 nm (repetition rate of 150 kHz and duration of ~300 fs) were generated by a regenerative amplifier that is seeded by a mode-locked oscillator (Light Conversion PHAROS). The femtosecond pulses were split into two paths: one was used to pump an optical parametric amplifier (Light Conversion TOPAS). Its signal output was then used as the pump light in our measurement. The second portion of the 1026 nm beam was focused onto a sapphire crystal to generate broadband white light, which was then spectrally filtered by appropriate bandpass filters (each with 10 nm FWHM) to serve as the probe light.
The pump and probe polarizations were set with linear polarizers and a shared quarter wave plate. The pump-probe delay time was controlled with a motorized delay stage. The pump and probe beams were focused at the sample with diameters of 50 um and 25 um, respectively.
The reflected probe light was detected by a photomultiplier tube after wavelength selection using a monochromator (passing bandwidth of 5 nm). The pump-probe signal was analyzed using a lock-in amplifier at a ~ 2.5 kHz modulation frequency. 
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S1. Determination of the rotational alignment between the WSe2 and WS2 layers
The crystal orientation of the WS2 and WSe2 monolayer flakes are determined by angle-resolved SHG measurements before the heterostructure fabrication. During the transfer process, the relative angle between the WS2 and WSe2 layer is controlled to be near-zero within 0.5-degree accuracy. Afterwards, the alignment between the WSe2 and WS2 layers is confirmed by directly measuring the SHG signal from the heterostructure, as shown in Fig. S1 . The heterostructure SHG intensity is about four times larger than that of the monolayer WSe2 and WS2 regions measured at the same experimental condition. This indicates that the WSe2 and WS2 layers have near-zero twist angle (AA stacking) instead of near-60 twist angle (AB stacking). Figure S2 shows a representative transient circular dichroic signal with 1.51 eV pump (resonant with interlayer exciton state 4) and 1.67 eV probe energy (near the WSe2 intralayer exciton). The signal shows an immediate rise at time-zero, and remains nearly a constant afterwards with decay lifetime much longer than the experimental delay range of 300 ps. Such dynamics can be understood as the following: The circular dichroic signal originates from valley-polarized holes in WSe2 (Ref.
S2. Decay dynamics in the resonant pump-probe measurements

36
), which are directly created by the pump light. In addition, valley-polarized holes can have microseconds-long lifetime in the heterostructure, and therefore show negligible decay in the experimental delay range 36 . The sharp peak at time zero is due to the coherent optical Stark effect 37 . Because the pump-probe signal is nearly constant from 10 to 300 ps, we can choose any pump-probe delay within this range to evaluate the density of valley-polarized holes in WSe2. For Fig. 3 in the text, all data points are obtained at pump probe delay of 200 ps. 
S3. Definition of the exciton quasi-angular momentum
The WSe2/WS2 bilayer has three-fold rotational ( ) symmetry in real space. As a result, excitons at high-symmetry points in momentum space (for example, in K or K' valleys and with zero total momentum) must be eigenfunctions of the operation:
Here, Ψ is the exciton wavefunction, and is the exciton quasi-angular momentum (QAM) which describes the phase change of the exciton wavefunction after a 120-degree rotation. For bosons, three continuous operations should bring Ψ back, so must be an integer. In addition, and 3 describes identical situation ( is an arbitrary integer). Therefore, there are only three independent QAM values: 0, 1 and 2. For convenience, we have also used 1 (equivalent to +2) and 2 (equivalent to +1) in the text. 
S4. Optical selection rules of interlayer excitons
The optical selection rule of an exciton state is directly determined by its total QAM. Different contributions to the interlayer exciton QAM can be obtained from the definition in Eq. S1. The exciton wavefunction can be expanded as
Ψ , .
Here and are the coordinates for electron and hole within the exciton; and are the center-of-mass coordinate and relative coordinate of the quantum two-body system, respectively. describes the relative motion between the electron and hole within the exciton, which gives rise to a series of hydrogen-like levels such as 1s and 2p states. Because the exciton binding energy is large in two-dimensional transition metal dichalcogenide (TMDC) heterostructures 38, 39 , here we only consider the 1s state, which has zero total angular momentum from . The QAM of the 1s exciton is therefore solely coming from , the center-of-mass motion part of the exciton wavefunction.
In this case, the QAM of the exciton can be intuitively understood from the QAM of the electron and hole states at the respective band edges. For intralayer excitons in monolayer TMDC materials, it is well-established that same-spin and opposite-spin excitons in the K (K') valley have a total QAM of +1 (-1) and 0, respectively, from the spin-valley contribution 31, 32 . Therefore the same-spin exciton in the K (K') valley only couples to  + ( -) light, while the opposite-spin exciton does not have valley absorption selection rule. These behaviours are not affected by adding another layer nearby, since the electron and hole are in the same layer and always experience the same local environment.
On the other hand, interlayer excitons, where the electron and hole reside in separate layers, can have different local symmetry depending on the atomic registry between the two layers. At point A of the moiré superlattice, the two layers completely overlap (i.e. the metal and chalcogen atoms of one layer are exactly on top of the corresponding atoms of the other layer), so the local environment for the electron and hole is again the same, generating no additional QAM. While at point B, an additional moiré contribution of -2 (+2) is introduced to the QAM for interlayer excitons in the K (K') valley 12, 13 . Their optical selection rules can then be obtained by summing up the spin-valley contribution and moiré contribution to the total QAM. For positions away from the high symmetry points in the moiré pattern, the optical selection rule becomes nonperfect as the symmetry is locally broken. Therefore, an interlayer exciton will have welldefined circular selection rule only if its wavefunction is highly localized around the high symmetry points within the moiré superlattice 12, 13 .
One can estimate the length scale of the localization by inspecting how well-defined the optical selection rule is in PLE results. The near-constant circular helicity of ~ 0.5 over the whole intralayer exciton range (Fig. 2c) is consistent with previous studies showing that the absorption valley selection rule in monolayer WSe2 is near-perfect over a large excitation energy range and that  + light almost solely creates holes in the K valley 25 . The amplitude of the PL circular helicity is also quite large for excitation in the interlayer exciton range, reaching ~ 0.5 and ~ -0.5, for the same-spin states. When compared to the case of intralayer exciton range, these numbers suggest that holes are almost solely created in the K or K' valley when directly exciting the two interlayer exciton states with  + light. The well-defined optical selection rules of interlayer moiré exciton states require that their center-of-mass wavefunctions be concentrated in a length scale that is much smaller than the moiré periodicity, forming multiple well-separated exciton lattices with distinctively different spin and valley selection rules.
